ABSTRACT: To further understand the fire behavior and vibration characteristic of flat-plate floor, this paper examines the results of a full-scale flat-plate floor subjected to fire. The case under experimental study models the reality of fire conditions and uses a special furnace to heat the bottom surface of the slab with ISO 834 standard fire curve. Detailed experimental data in the form of describing temperature distribution, vertical and edge horizontal deflections, failure pattern and vibration frequency are presented. The experiment results indicate that the top crack pattern is consistent with that at ambient temperature, and it can be assumed that the yield-line pattern at elevated temperatures should follow the conventional one. Frequency variation of the slab under fire obtained by FFT shows that the first vibration mode was generated, and the mechanical behavior could be distinguished as cracks rapidly emerge and develop phase, existed cracks slowly develop phase and stationary phase by the frequency variation. Frequency analysis also shows that the frequency can be expressed by the simultaneous central vertical displacement of the slab with a quadratic equation.
INTRODUCTION
The nonlinear transient temperature field, which generated inside of reinforced concrete slab subjected to fire, will cause temperature strain and temperature stress inside of the slab [1] [2] [3] . And the slab vibration, known as vibration caused by temperature variation, would be generated for the reason of temperature strain and temperature stress. The vibration can reflect the real working state of the slab, so monitoring the vibration will play a positive guiding role on fire control. Vibration monitoring is a useful and elaborate tool for damage assessment and can be used as a basis of any decision to repair, rehabilitate or replace a structure [4] [5] [6] . There are plenty studies on structure or member vibration monitoring at ambient temperature [7] [8] but seldom on elevated temperature. The collapse of New York World Trade Center caused people to pay more attention on fire monitoring [9] , and some experiments were carried in recent years but not many. And the experiments mainly focused on vibration instruments used in fire [10] [11] . In this paper, the vibration behavior of flat-plate floor under fire was described. Based on the test results, a quadratic equation was given for describing the relationship of frequency and center vertical displacement of the flat-plate floor under fire.
TEST DESCRIPTIONS
The flat-plate floor specimen was tested at Shandong Jianzhu University in Jinan, China. The slab was 7.2 m wide by 7.2 m long and the thickness was 150 mm. The column distance was 4.2×4.2 m and the column size was 0.4 m×0.4 m× 3 m. The arrangement of rein-forcement of the flat-plate floor is shown in Figure  1 -3. The flat-plate floor was loaded with a constant uniformly distributed load and heated on the underside with the ISO 834 standard fire curve [12] . Grade 3 hot-rolled reinforcing bars of 8 mm diameter were arranged at 160 mm spacing along both of the two directions. The clear cover was 20 mm for reinforcement. The yield strength and ultimate strength were 515 and 591 MPa, respectively. The yield strength and ultimate strength of bars in column of 14 mm diameter were 413 and 505 MPa respectively. And the yield strength and ultimate strength of bars in column of 16 mm diameter were 384 and 511 MPa respectively. Commercial normal weight concrete was used for the flat-plate floor and the specified compressive strength was 30 MPa. The cubic compressive strength was 32.6 MPa. The concrete moisture content, when tested, was 4.33%.
The arrangement of the specimen in fire-test furnace was shown in Figure 4 and Figure 5 . The heated slab is served as the upper cover of the furnaces. It is worth noting that there was a 200 mm-thick flexible space, which sealed with alumino-silicate refractory fiber, between the furnace wall and the bottom of the heated slab so that the edges of the slab were free to deflect during the test. The test slab was heated by eight oil-fired burner nozzles. The nozzles were located in the furnace walls and arranged symmetrically, as shown in Figure 4 and 5. The operation of each nozzle was controlled automatically by the enactment of gas temperature inside the furnace. Eight Type K thermocouples were installed at the same locations of the nozzles to measure the temperatures of the gas inside the furnaces.
The columns were protected with alumino-silicate refractory fiber to insulate from furnace heating and the protection of columns were shown in Figure 6 , so that only the concrete slab was exposed to fire. The slab had a fire exposed area of 21.16 m 2 (4.6 m by 4.6 m).
Based on equivalent frame method, each direction was separated to two column trips and one middle trip. In order to simulate the real work condition of the flat-plate floor, line-distributed loading should be loaded on the four edges of the slab before the test. And that was achieved by reaction space steel frame and 12 sets of loading apparatus. Each loading set consisted of a screw jack, an H-section steel block of 160mm height and 200mm wide (or a steel tube of 100 mm diameter and 900 mm height), a load-cell and a short steel beam, they were put as Figure 7 . The short steel beam contacted the concrete slab edge at two points. The predefined loading could load to the concrete slabs. There were 3 loading sets along each edge, and thus 3 concentrated loads along every edge were applied. The loading condition was close to line-distributed loading. The load values variation were monitored by the type BHR-4 weight sensors, and collected by a static strain measurement instrument (DH3815N). A uniformly distributed load was applied on the top surface of the flat-plate floor in addition to the self-weight of the slab to simulate live loads. Dead weights (each weighing 0.2kN; shown in Figure 8 ) and sandbags were placed on the slab to simulate the uniformly distributed load, and according to the Chinese load code for the design of building structures [13] , the applied loads equivalent to a uniformly distributed load of 2.0kN/m 2 . The applied loads were loaded by multi-stage loading, with 15 min intervals before the next load applied. The flat-plate floor specimen was loaded at least half an hour before test. The slab of the flat-plate floor had type-K thermocouples on the reinforcing steel to measure the steel temperatures. The thermocouples on the reinforcing steel were placed at mid-height of the steel bars. Type-N thermocouples on the thermocouple trees were used to measure the temperatures across the thickness of the slabs. The arrangement of thermocouple trees and its details are shown in Figure 9 . Each thermocouple tree consisted of eight thermocouples distributed vertically and the distance between them was 20 mm. The thermocouple trees were positioned at the mid-span and quarter-span of the heated slab. The vertical and horizontal deflections of the slab have been measured during the fire test. Figure 10 shows the position of vertical and horizontal displacement transducers, and their limit travels ranged from 50-300 mm. The vertical deflections were measured at the mid-span and quarter-span of the heated slab in both directions. The horizontal displacements were measured at the edges of the slab in both directions, with rotary set-up. Figure 11 shows the detail of set-up to measure the horizontal displacement. The set-up consisted of an expansion bolt and a heavy steel plate with a guide slot at its perpendicular center line. The expansion was bolt fixed at mid-height of the concrete slab, and the heavy steel plate was suspended on the expansion bolt, and a LVDT horizontally connected to the heavy steel plate by a slide block which may move up and down freely. The heavy steel plate remained vertical during the test, so the reading of the LVDT was only the horizontal component. Two type-891 vibration pickups (which developed by institute of engineering mechanics, china earthquake administration), were placed on the top surface of the slab and the arrangement was shown in Figure  12 . During the test the vibration pickup would be ruined by increased top surface temperature of the slab. So a firebrick was placed between the slab and vibration pickup to protect the vibration pickup. In order to keep the reality of collected data, the vibration pickups should not detach from the slab during the test. So first it needs to fix the firebrick on the slab with cement mortar, and then bond the vibration pickup to firebrick with glue, like Figure 13 showed. There was no sign of abscission between vibration pickup and firebrick, also between firebrick and slab during the test. So it is an effective method to fix the vibration pickup. 3 EXPERIMENTAL RESULTS Figure 14 shows the top view of the concrete slab after the fire. During the early stages of the fire, oblique cracks of 45 degree with axis between columns rapidly formed beside the four columns. At 5 min, cracks parallel to the axis between columns formed, all the cracks about 0-50 mm inside of the axis and propagating to the column direction. At 7 min, cracks parallel to the axis between columns formed, these cracks about 350-550 mm outside of the axis and propagating to the column direction and finally crossed with the oblique cracks emerged at beginning. At 9 min, cracks parallel to the axis between columns formed, all these cracks about 350-550 mm inside of the axis and propagating to the column direction. At 44 min, there were 5 cracks inside of every axis and finally the failure pattern of the flat-plate floor under fire was formed as shown in Figure 7 . The failure pattern is consistent with those at ambient temperature, so it can be assumed that the yield-line pattern at elevated temperatures should follow the conventional yield-line pattern [14] [15] . Figure 15 shows the bottom view of the slab after fire; severe spalling occurred and a large portion of reinforcing bars showed, corresponding to occurrence of big popping noises and noticeable vibration during the test. Examination of the reinforcing bars showed that the bars at the bottom had not ruptured. Figure 16 shows the temperature rise of the thermocouple tree embedded in the slab. The maximum temperature at bottom of the slab reached 600°C about 65 min after ignition, and the top one reached 90°C by the end of the test. The graph shows a plateau in the temperature rise at 100°C. This is because the increase of moisture in the slab is driven from the heated side of the slab to the unheated side. Figure 18 shows the temperature rise of the thermocouples attached to the reinforcing mesh. The temperature of top reinforcing bars was larger than the bottom ones. At 60 min, the temperature difference was 300°C between the top bars and the bottom ones, and 370°C from 80 min to the end of the test. Figure 19 which shows the variation of vertical deflections of the slab during the fire. There only take symmetric points V1-V5 and center point V8 for vertical deflection analysis. The positive vertical displacements indicate upward deflections, while the negative indicate downward deflections. The graph shows that the slab deflected downwards rapidly in 30 minutes after ignition, reaching -40.3 mm at mid-span by 30 minutes, equal to a rate of -1.34 mm per minute. After 30 minutes, the deflection rate of the slab decreased and deflected at a steady rate of approximately -0.09 mm per minute for the remaining test. When the test was stopped at 172 minute, the mid-span deflection had reached -50 mm. The vertical displacement at point V1 was upward, and that was caused by concrete expansion of the slab. The vertical deflection at point V2, which nearest to column, was the smallest, and the final deflection was -14.5mm. The vertical deflections at points V3 and V4 were nearly same, these two points are second nearest to column, and the final deflections of these two points were about -32mm. The final vertical deflection at points V5 was 37mm, and it is the nearest point to slab center. Figure 21 shows the variation of average end restraint loads along the edges of column trip and middle trip respectively with time. Significant restraint loads change occurred to column trip and middle trip of flat-plate floor under fire, which means internal force significantly redistributed in the slab during the test. The restraint end load increased at initial stage, the end load of column trip reached its maximum value was 8.2kN/m at 4 minutes, and the one of middle trip reached its maximum value of 4.5kN/m. Then, the data started to decrease, the end load of column trip nearly reached zero at 30 minutes, but the one of column trip increased till the end of test. 
FREQUENCY CALCULATION OF THE FLAT-PLATE FLOOR WITH NO DAMAGE
The software ABAQUS was used to establish the 3D simulation model. A combination of 3-D solid elements (C3D20) available within ABAQUS [16] was used to model the concrete, and the 3-D line elements (T3D3) was used to model the reinforcement. The elements have three degrees of freedom per node. The damaged plasticity model implemented within ABAQUS was used to model concrete damage. The stress-strain curves of the concrete and tendon in BSEN1992-1-2 were used in modelling the concrete and tendons respectively. The bonding between concrete and reinforcement bars was defined by embedded region option available within ABAQUS. Figure 22 shows the first and second vibration modes of the flat-plate floor with no damage, and the corresponding frequencies are 17.19Hz and 31.75Hz respectively. Other high order modes were not listed here.
ANALYSIS OF SLAB VIBRATION FRE-QUENCY
The Fast Fourier Transform (FFT) was used for spectrum analysis and the spectrum graphs of ignition, 10 min after ignition, 55 min after ignition, and the end of the test were showed in Figure 23 . The graphs show that only one vibration mode was generated during the whole test of the flat-plate floor. Combined with frequency calculation of the flat-plate floor with no damage, it could obviously found that the unique vibration mode is the first mode of the flat-plate floor, and the frequencies of the first mode decreased from ignition to the end of the test. The variation of frequency and central vertical displacement were shown in Figure 24 . There were three phases of frequency variation during the test. The first one was from ignition to 40 min after ignition. The frequency decreased rapidly in this phase, the decreased degree reached 36.4% and the decrease rate was about 0.91%/min. That means cracks of the slab emerged and developed rapidly in this phase. The second one is from 40 min after ignition to 80 min after ignition, the frequency decreased much lower than that in the first phase, the decreased degree was 5.5% and the decrease rate was about 0.14%/min. That means there nearly no new crack emerged in the second phase, and the frequency changed only because the development of existed cracks. The third phase is from 80 min after ignition to the end of the test, the frequency kept stationary in this phase.
The central vertical displacement variation of the plate was similar with the frequency variation, and the relationship was shown in Figure 25 
CONCLUSIONS
For this test, all columns were insulated from furnace heating, and only the concrete slab was exposed to fire. Experimental results including cracking of concrete slab, temperature distributions within the slab, vertical deflections and horizontal displacements were presented and discussed in detail. On the basis of experiment, the vibration frequency of slab under fire was analyzed, and the main conclusions can be summarized that:
(1) Based on the full-scale tests, the crack patterns on the bottom of the flat-plate floor after fire consistent with those at ambient temperature, so it can be assumed that the yield-line pattern at elevated temperatures should follow the conventional yield-line pattern.
(2) There is only one vibration mode generated when the flat-plate floor subjected to fire, and the unique vibration mode is the first mode of the flat-plate floor.
(3) There are three frequency variation phases of the flat-plate floor under fire. The first one is cracks emerged and developed rapidly phase of the slab, and in this phase the frequency decreased rapidly. The second one is the existing cracks development phase, and the frequency decreased much lower than that in the first phase. The third phase is stationary phase of the flat-plate floor, there is no new crack emerged and the cracks existed developing very slow in this phase.
(4) The central vertical displacement of the slab has a close relationship with the frequency and the relationship could be expressed by a quadratic equation.
